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ABSTRACT
In the last two decades ∼ 200 quasars have been discovered at z > 6, hosting active super-massive black holes with
masses M• & 109 M. While these sources reflect only the tip of the iceberg of the black hole mass distribution,
their detection challenges standard growth models. The most massive z > 6 black hole that was inferred thus far
(J0100+2802, M• ≈ 1.2× 1010 M) was recently claimed to be lensed, with a magnification factor µ = 450. Here we
perform a consistency check of this claim, finding that the detection of such source requires a bright-end slope β ≥ 3.7
for the intrinsic quasar luminosity function, Φ(L) ∝ L−β . Commonly used values of β ∼ 2.8 are rejected at > 3σ.
If the claim is confirmed, it is very unlikely that all the remaining 51 sources in the SDSS sample are not magnified.
Furthermore, it suffices that & 25% of the remaining sources are lensed for the intrinsic luminosity function to differ
significantly (i.e., > 3σ) from the observed one. The presence of additional extremely magnified sources in the sample
would lower the requirement to ∼ 4%. Our results urge the community to perform more extended multi-wavelength
searches targeting z > 6 lensed quasars, also among known samples. This effort could vitally contribute to solve the
open problem of the growth of the brightest z ∼ 7 quasars.
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1. INTRODUCTION
The last two decades brought mounting evidence for
the existence of super-massive black holes (SMBHs) in
the very early Universe (e.g. Fan et al. 2003; Mort-
lock et al. 2011; Wu et al. 2015; Ban˜ados et al. 2018).
The latest accounts (Fan et al. 2019) report the dis-
covery of ∼ 200 quasars (i.e., galaxies hosting an ac-
tive SMBH), which are massive (& 109 M), very rare
(∼ 1 Gpc−3) and formed very early in the cosmic his-
tory (z & 6). Current surveys are able to detect only
very bright quasars, the tip of the iceberg of a signifi-
cantly more numerous population of high-z black holes,
which encompasses a much wider black hole mass range
(∼ 101−10 M).
The study of the earliest population of quasars is fun-
damental for our understanding of the high-redshift Uni-
verse. In fact, SMBHs significantly contributed to the
formation and evolution of galaxies (e.g., Kormendy &
Ho 2013) and possibly played a role in the process of
reionization (e.g., Madau 2017). Despite their impor-
tance, knowledge of early populations of SMBHs is lim-
ited. Most significantly, we do not know the initial con-
ditions and the early evolution of the population, or how
the first black holes formed and rapidly evolved into
SMBHs by redshift z ∼ 7 (e.g., Woods et al. 2019).
Questions concerning the rapid growth of SMBHs were
already pointed out by Turner (1991) with the discov-
ery of the first quasars at 4 < z < 5 and became more
pressing with the detection of z > 6 sources (Haiman &
Loeb 2001). Currently, the farthest quasar is detected
only ∼ 700 Myr after the Big Bang (z ≈ 7.54, Ban˜ados
et al. 2018).
Among the z > 6 quasars, J0100+2802 stands out
as the one hosting the most massive SMBH, M• ≈
1.2×1010 M at z ≈ 6.3 (Wu et al. 2015). By stretching
the parameter space of mass and time to an extreme,
this quasar offers a unique view of the population of
early SMBHs. Assuming a continuous accretion with
Eddington ratio λEdd ≡ M˙/M˙Edd, the ratio between
accretion rate and Eddington rate, and radiative effi-
ciency rad ≈ 0.1, the growth time from the initial mass
Mseed is
τgrowth ≈ 0.45 rad
(1− rad)λEdd ln
M•
Mseed
Gyr . (1)
Assuming that seeding occurs at z ∼ 30 (e.g., Barkana
& Loeb 2001), the existence of this source requires con-
tinuous accretion at the Eddington limit from a seed
with a minimum mass Mseed ∼ 2, 000 M. Albeit not
theoretically forbidden, these extreme requirements are
challenging. Several solutions were proposed to reduce
the growth time, by either allowing for super-Eddington
rates (e.g., Begelman 1978; Wyithe & Loeb 2012) and/or
by increasing the initial mass of the seed (e.g., Bromm
& Loeb 2003).
What if, instead, we are witnessing a “mirage”, an
optical illusion? The luminosity (and, consequently, the
mass) of z > 6 quasars might be significantly over-
estimated due to gravitational lensing by z . 3 galax-
ies. Depending on the slope of the intrinsic quasar lu-
minosity function (LF), the lensing probability could be
significant and close to unity (Turner 1980; Wyithe &
Loeb 2002a; Comerford et al. 2002). Recently, Fan et al.
(2019) reported the discovery of a strongly lensed quasar
at z ≈ 6.51, with a magnification factor µ ∼ 50: the
first detection of a lensed quasar at z > 6. Employ-
ing a lensing probability model calibrated on this detec-
tion, Pacucci & Loeb (2019) claimed that the observed
population of reionization-era quasars contains several
lensed sources with image separations below the reso-
lution threshold of the Hubble Space Telescope (HST).
In addition, Fan et al. (2019) pointed out that the
quasar selection criteria currently employed are poten-
tially missing a significant population of lensed quasars
at z > 6, due to the fact that the lens galaxy contami-
nates the drop-out photometric bands. Assuming stan-
dard values of the slope of the quasar LF, Pacucci &
Loeb (2019) claimed that the undetected quasars could
account for up to ∼ 50% of the known population.
Recently, Fujimoto et al. (2019) studied J0100+2802
using data from the Atacama Large Millimeter Array
(ALMA), finding four separate and statistically signifi-
cant peaks in the dust continuum map. They also report
the detection of a Lya emission at z ≈ 2.3, possibly iden-
tifiable as the lens galaxy. This could be indicative of
a gravitationally lensed source, or of an ongoing merger
event. If the source is lensed, the magnification factor
in the optical would be µ ∼ 450, bringing the mass of
the quasar below ∼ 109 M, more easily achievable with
standard growth models. Previous analysis of the same
ALMA data (Wang et al. 2019a), employing a differ-
ent weighting method, reported no evidence of multiple
peaks in the dust continuum map. These high-resolution
observations are a cornerstone for studying the popula-
tion of the earliest SMBHs in the Universe.
In this study we test the hypothesis that J0100+2802
is lensed by µ ∼ 450 against current z > 6 quasar data,
constraining the value of the intrinsic quasar LF. More-
over, assuming that this source is magnified, we discuss
the probability that additional quasars in the same sam-
ple are lensed. Finally, we quantify how the intrinsic
quasar LF would differ from the observed one if a large
number of z > 6 quasars is lensed. Our calculations use
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the latest values of the cosmological parameters (Planck
Collaboration et al. 2018).
2. LENSING MODEL
We start with a summary of the lensing model em-
ployed in this study. The interested reader is referred
to Pacucci & Loeb (2019) for a full description of the
details.
2.1. Lensing Probability
To compute the cumulative magnification probability
distribution, P (> µ), due to cosmologically distributed
galaxies, we use the formalism presented in Pei (1995).
The total magnification of a source at redshift zs, pro-
duced by lenses at redshift z′, is labeled with µ. The
probability distribution function for µ is
P (µ) = µ−1
∫ +∞
−∞
ds exp [−2piis lnµ+ Z(2piis|zs)] .
(2)
The moment function Z(s|zs) is defined as
Z(s|zs) =
∫ zs
0
dz′
∫ ∞
1
dAρ(A, z′|zs)×
× (As − 1− 0.4 ln (10)A+ s) ,
(3)
where the variable A is related to the magnification µ
via µ ≡ A/A¯, with A¯ being the mean value of A. For a
source at redshift zs, the quantity ρ(A, z
′|zs) describes
the mean number of lenses in the redshift range (z′,
z′ + dz′) and in the magnification range (A, A+ dA).
Our model for the population of lensed sources as-
sumes a double power-law shape for the quasar LF at
z > 6. The faint-end slope and the break magnitude are
fixed at α = 1.23+0.34−0.44 and M
∗
1450 = −24.90+0.75−0.90, respec-
tively (Matsuoka et al. 2018), while the bright-end slope
β is variable: Φ(L) ∝ L−β . The reason for this choice is
that gravitational lensing is more significant for brighter
sources, so the quasar LF is preferentially modified at
its bright end.
2.2. The Population and Distribution of Lens Galaxies
The population of lenses is constituted of galaxies
modeled as a truncated singular isothermal sphere and
with flat rotation curves. A full description of the
statistical properties of this population is provided in
Pacucci & Loeb (2019). The physical properties of the
lens galaxies are fully characterized by the dimension-
less parameter F = 3ΩG/[2r
2D(zs, z
′)] (Pei 1993, 1995).
Here, ΩG is the cosmological density parameter of galax-
ies, D(zs, z
′) is the angular diameter distance between
source at zs and lens at z
′. In addition, r is the size pa-
rameter with dimensions of length−1/2, which is a func-
tion of the velocity dispersion of galaxies and expresses
the physical extension of the lens (and, hence, its Ein-
stein radius). We fix F ∼ 0.05 (Pei 1995) and verify
that our results are unchanged within the full domain of
interest 0.01 < F < 0.1.
The model needs to be supplemented with the cosmo-
logical distribution of lens galaxies, which are assumed
to be distributed uniformly in space and of type E/S0.
We employ the Schechter function (Schechter 1976) to
model the UV LF for galaxies. This function correctly
reproduces the distribution of galaxies for z . 6 (e.g.,
Coe et al. 2015):
Φ(L) =
Φ?
L?
(
L
L?
)αg
exp
(
− L
L?
)
, (4)
where Φ? is the number density of galaxies of luminosity
L? (the break luminosity) and αg is the faint-end slope.
We employ previous results on the UV LF for galaxies:
Beifiori et al. (2014) for z < 1, and Bernardi et al. (2010)
and Mason et al. (2015) for z & 1. As previously pointed
out (e.g., Wyithe et al. 2011), most of the lensing optical
depth for z & 6 sources is generated by lens galaxies
at z . 1.5. We use the Faber-Jackson relation (L ∝
σ4v , Faber & Jackson 1976) to model the dependence
of the velocity dispersion σv on the luminosity of the
galaxy. The redshift evolution of the velocity dispersion
is parametrized as σv(z) ∝ (1+z)γ , with γ = 0.18±0.06
(Beifiori et al. 2014), suggesting a mild evolution (see
also e.g. Mason et al. 2015).
3. RESULTS
We are now in a position to test the claim that
J0100+2802 is magnified by µ = 450 against the known
population of z & 6 quasars. Furthermore, assuming
this claim to be true, we present its theoretical implica-
tions on the broader population of high-z quasars.
3.1. Observational Test
The z = 6.3 quasar J0100+2802 was originally se-
lected in the Sloan Digital Sky Survey (SDSS) and re-
ported by Wu et al. (2015) as ultra-luminous. Applying
a virial estimator based on the MgII line, its black hole
mass was calculated as ∼ 1.2 × 1010 M, making it the
most massive z > 6 SMBH ever detected.
In the following we assume that J0100+2802 is mag-
nified by µ = 450 and calculate how many more lensed
quasars we expect in the same SDSS survey. We require
our prediction to be lower than the value inferred from
the SDSS LF in each luminosity bin, as J0100+2802 is
the only source which is claimed to be lensed.
Jiang et al. (2016) used N = 52 z > 5.7 quasars (in-
cluding J0100+2802) to produce a z & 6 quasar LF,
deriving a slope β = 2.8. We employ the same data to
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Figure 1. The z & 6 SDSS quasar LF calculated from
Jiang et al. (2016) is shown with black symbols and 1σ error
bars. The lines show the expected number of lensed quasars
assuming a bright-end slope of the intrinsic quasar LF of
β = 2.7, 3.2, 3.7, 4.2 as indicated in the legend. The lens-
ing probability model (Pacucci & Loeb 2019) assumes the
detection of one quasar with µ = 450 in the M1450 ≈ −29
luminosity bin.
re-construct their LF. We derive absolute magnitudes at
λ = 1450 A˚ from Jiang et al. (2016) and employ the rel-
evant bolometric correction from Runnoe et al. (2012).
The number densities of the quasars are calculated using
the standard 1/Vmax weighting method, where Vmax is
the maximum volume in which a given source is observ-
able, assuming a survey nominal limit of zAB = 20.0 mag
for an uncertainty of ∼ 0.10 mag in the SDSS. We divide
the absolute magnitude range −24 < M1450 < −29 in 7
bins to be consistent with Jiang et al. (2016).
We then employ the lensing probability model in
Pacucci & Loeb (2019) to calculate how many lensed
quasars with µ < 450 we expect in the same sample.
The underlying assumption is that if J0100+2802 is in-
trinsically a black hole withM• ∼ 8×108 M but magni-
fied to appear as M• ∼ 1010 M (Fujimoto et al. 2019),
then more of the fainter sources should be magnified
by µ < 450. We assume a flat distribution in intrinsic
mass for the unlensed sources, as the observed lumi-
nosity depends only on the product between the mag-
nification factor and the unlensed luminosity, which is
proportional to the intrinsic mass. We use four values
of the intrinsic quasar LF: β = 2.7, 3.2, 3.7, 4.2. This
range encompasses most of the values usually employed
in literature (e.g., Jiang et al. 2016; Yang et al. 2016).
The results are shown in Fig. 1. The models with
β = 2.7 and β = 3.2 significantly overshoot the observed
number density of z & 6 quasars in several luminosity
bins. Otherwise stated, if J0100+2802 is magnified by
a factor µ = 450, we should have observed significantly
more quasars at M1450 ≈ −27,−28,−29. The prediction
is inconsistent with SDSS data at > 3σ. If the intrinsic
quasar LF is instead steeper, with β ≥ 3.7, the lensing
probability model can still accommodate the presence of
a µ = 450 quasar without overproducing the SDSS num-
ber counts. In summary, this consistency test strongly
favours steep values (β ≥ 3.7) for the intrinsic slope of
the z & 6 quasar LF. Shallower values are significantly
inconsistent with the presence of a source magnified by
µ = 450.
3.2. Probability of Additional Lensed Sources
in the SDSS sample
After checking that the presence of a quasar with
µ = 450 is, in principle, possible with steep values of
the intrinsic quasar LF, we expand on the implications
that its detection draws on the other sources in the sam-
ple. While we cannot a priori state which sources in the
sample are lensed, we can derive strong predictions on
the overall expected number of lensed sources and on
their magnifications.
Following our results in Sec. 3.1, we fix β = 3.7 and
compute the probability P (< µ) = 1 − P (≥ µ) of hav-
ing magnification factors µi < µ for all the remaining
i = 1, . . . , 51 sources in the sample. We denote this en-
semble probability, PSDSS. We also assume that each
of the remaining quasars are represented by stochastic,
independent variables: once the overall lensing model is
fixed, the magnification factor of one source in the sam-
ple is independent from all the others. The probability
PSDSS is then
PSDSS =
51∏
i=1
[1− Pi(≥ µ)] . (5)
The result is shown in Fig. 2. The probability that
all the remaining 51 sources have µi < 10 is P (µi <
10) ∼ 10−5. If J0100+2802 is magnified by µ = 450
there is almost certainty that there is at least one quasar
magnified with µ ≥ 10 in the same sample. Even more
interestingly, Fig. 2 conveys that P (µi < 100) ∼ 0.4,
i.e., there is a ∼ 60% chance that at least another quasar
in the sample is extremely magnified, with µ ≥ 100.
If the claim about J0100+2802 is confirmed, these
probability calculations will serve two purposes in guid-
ing future searches for lensed z > 6 quasars. From a
theoretical perspective, they indicate that the extremely
large mass of some high-z quasars could be an opti-
cal illusion, thus leading to a re-consideration of cur-
rent black hole growth models. From an observational
point of view, the high probability that additional SDSS
quasars are strongly lensed motivates future searches for
these sources, with higher resolution observations either
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employing longer wavelengths (e.g., ALMA) or next-
generation telescopes, such as the Wide Field Infrared
Survey Telescope (WFIRST) and the James Webb Space
Telescope (JWST).
In particular, we forecast that WFIRST will be instru-
mental for discovering a large number of z & 6 quasars,
owing to its deep wide-area survey capabilities. Follow-
ing the mission specifications (see Spergel et al. 2015
and the WFIRST website), it is instructive to estimate
the number of lensed z & 6 quasars that this survey
could detect. For the planned High Latitude Survey
(HLS), we assume a survey area AWFIRST ∼ 2, 200 deg2
reached to a limiting magnitude mlim,AB ∼ 27. We then
integrate the LF over luminosity and redshift to find the
expected number NWFIRST of z > z0 quasars discover-
able by WFIRST:
NWFIRST(z > z0) =
∫ +∞
Llim
dL
∫ +∞
z0
dV
dz
dz Φ(L, z) , (6)
where Llim is the bolometric luminosity of a quasar
at redshift z corresponding to an apparent magnitude
mlim,AB and V is the comoving volume. We obtain
NWFIRST(z > 6) ∼ 5× 104, while restricting our atten-
tion to z > 7 we obtain NWFIRST(z > 7) ∼ 3, 000. For
this order-of-magnitude estimate, we employ the Jiang
et al. (2016) LF for sources with M1450 < −24 and the
Matsuoka et al. (2018) LF for sources withM1450 > −24.
The evolution of the LF for z & 6.5 is uncertain: for
the purpose of this estimate, we keep the shape of the
z & 6.5 LF equal to the one presented by Jiang et al.
(2016), while we change the overall density of quasars
following the prescription by Wang et al. (2019b). Note
that the spatial density of quasars is expected to decline
by ∼ 1 order of magnitude between z = 6.5 and z = 8.
Assuming a conservative value of β = 2.8, our lensing
model predicts that the WFIRST z > 6 quasar sample
could contain ∼ 500 quasars with magnification factors
µ ≥ 10 and ∼ 50 quasars with magnification factors
µ ≥ 100. Irrespective of the reality of the claim about
J0100+2802, WFIRST will certainly play a crucial role
in investigating the putative population of lensed high-z
quasars.
3.3. Towards the Intrinsic Quasar LF
Building upon our results in Sec. 3.2, we now aim to
investigate how the presence of an additional number
i < N = 52 of lensed quasars in the sample modifies the
observed z > 6 quasar LF.
Previous studies (e.g., Turner 1980; Wyithe & Loeb
2002a,b; Wyithe et al. 2011) already pointed out that
the intrinsic LF for quasars could significantly differ
from the observed one. In fact, magnification bias could
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Figure 2. The probability PSDSS that all the remaining
51 sources in the SDSS sample have magnifications µi <
µ. Assuming the presence of one source with µ = 450, it
is nearly impossible, e.g. P (µ < 10) ∼ 10−5, that all the
remaining sources are not magnified. The values discussed
in the text are indicated with red, dashed lines.
artificially increase the number counts of bright objects,
thus affecting the bright-end slope of the LF. For exam-
ple, Wyithe & Loeb (2002b) placed a limit on the slope
of the z ∼ 6 quasar LF β . 3 using the fact that none
of the quasars found by Fan et al. (2003) are strongly
lensed (i.e., µ > 2). Note that in Sec 3.1 we placed a
limit β ≥ 3.7 for the intrinsic LF instead, due to the
putative detection of one quasar with µ = 450.
To investigate how the presence of an additional num-
ber i < N = 52 of lensed quasars in the sample modifies
the observed LF, we proceed as follows. Assuming the
lensing probability model from Pacucci & Loeb (2019)
with β = 3.7, for each integer i < 52 we draw a number
i of magnification factors from the given probability dis-
tribution. We then decrease the observed luminosities
L1450 with the appropriate magnification factors for the
i randomly chosen lensed sources. We re-construct the
LF accounting for all the i sources which have changed
luminosity. Finally, we compare the new, de-lensed, LF
with the one observed by Jiang et al. (2016) employing
the statistics
Σ(i) =
√√√√nbins∑
k=1
(Ck,obs − Ck,mod)2
σ2k
, (7)
where nbins is the number of luminosity bins used to
construct the LF, Ck,obs and Ck,mod are the observed
and the modified source counts in the k-th bin, respec-
tively, and σk is the error associated with each measure
in the observed LF (Jiang et al. 2016). As the magni-
fication factors are randomly drawn from a probability
distribution, the occurrence of large values of µ has a
6 Pacucci & Loeb
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Figure 3. This plots shows how the intrinsic LF would differ
(in terms of the standard deviation σ) from the SDSS one
(Jiang et al. 2016) if an additional number i < 52 of quasars
in the sample are lensed. Blue points are the results for a
single trial, the black line is the average over 106 trials, the
shaded region indicates the 1σ uncertainty.
very significant impact on the statistics in Eq. (7). To
smooth out random fluctuations, we run the experiment
described above 106 times, obtaining the average effect.
We checked that the average line is insensitive to a num-
ber of trials larger than 106.
The result for Σ(i) is shown in Fig. 3. We predict
that, on average, a number i > 15± 3 of lensed quasars
among the N = 52 SDSS sample (& 25% of the sample)
modifies the bright end slope of the quasar LF by > 3σ
with respect to the observed one. Of course, it is possible
that even a small number i  15 of strongly lensed
sources can significantly affect the LF, especially if they
all occur in the same luminosity bin. The presence of
additional extremely magnified sources would require a
sample fraction as low as ∼ 4% to reach an inconsistency
> 3σ with respect to the observed LF.
A practical example of how a number i < 52 of lensed
quasars in the SDSS sample would modify the observed
quasar LF is shown in Fig. 4. The green line is the
best-fit to the SDSS sample from Jiang et al. (2016),
shown with black symbols, using a double power-law
fitting function with α = 1.9 and β = 2.8. The blue
line is a double power-law fit to a modified sample ob-
tained assuming that i = 20 randomly chosen quasars
from the SDSS sample are magnified. The magnification
factors are drawn from the lensing probablity distribu-
tion described in Pacucci & Loeb (2019) with a value
of β = 3.7 for the intrinsic quasar LF. This fitting line
is significantly inconsistent with data from Jiang et al.
(2016) at the bright end. In fact, as more quasars are
magnified, their true luminosity is decreased and their
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Figure 4. Example of the lensing effect on the quasar LF
for a number i = 20 of lensed quasars in the SDSS sample.
Black symbols are data from Jiang et al. (2016); the green
line being their best fit and the blue line being the quasar LF
that we obtain assuming that additional 20 randomly chosen
quasars in the sample are magnified. The red, dashed line
indicates a slope β = 3.7, for reference.
contribution to the quasar LF is shifted to the faint end.
For reference, the red, dashed line indicates a bright-end
slope β = 3.7.
4. DISCUSSION AND CONCLUSIONS
Our study is motivated by the claim (Fujimoto et al.
2019) that J0100+2802, a z ≈ 6.3 quasar with M• ≈
1.2× 1010 M (Wu et al. 2015) is lensed by a magnifica-
tion factor µ = 450. The black hole mass is calculated
via a virial estimator based on the MgII line which scales
as M• ∝ (λLλ,3000)0.5 (Fujimoto et al. 2019), such that
the final, unlensed mass would be ∼ 8×108 M, decreas-
ing the growth time by ∼ 20%. It is worth noting that
also the Eddington ratio for J0100+2802 would change
dramatically, from λEdd ≈ 1 to λEdd ≈ 0.07.
This source could be the second z > 6 lensed quasar
found in less than one year (Fan et al. 2019) and, by far,
the one with the highest magnification. A magnification
factor µ = 450 has a probability P (> 450) ∼ 10−3 to oc-
cur in the most favorable lensing models (see Pacucci &
Loeb 2019 with β = 3.6): claiming it in a relatively small
sample of sources invites skepticism, but we might have
observed an extraordinary source such as J0100+2802
only because it is extremely magnified. It is thus in-
structive to understand the theoretical implications of
this putative detection.
We performed a consistency check of the Fujimoto
et al. (2019) claim, finding that a detection of one quasar
with µ = 450 in the SDSS sample (Jiang et al. 2016)
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requires a slope β ≥ 3.7 for the intrinsic quasar LF.
Commonly used values of β ∼ 2.8 are rejected at > 3σ.
Assuming that the claim is real, we derive that it is
nearly impossible that all the remaining n = 51 sources
in the SDSS sample are not magnified by at least µ = 10.
Furthermore, on average, it is sufficient that & 25% of
the remaining sources in the SDSS sample are lensed for
the intrinsic LF to differ significantly (i.e., > 3σ) from
the observed one. The presence of additional extremely
magnified sources in the sample would even require a
much smaller percentage, as low as ∼ 4%.
It is worth noting that the consistency check per-
formed in Sec. 3.1 does not necessarily rule out intrinsic
slopes β < 3.7. In fact, if the prediction on the num-
ber density of lensed quasars falls significantly above the
value calculated from the SDSS LF, then we expect (at
least) one of the following statements to be true: (i)
J0100+2802 is not magnified by µ = 450; (ii) we are
missing a significant fraction of high-z lensed quasars in
current LFs (Pacucci & Loeb 2019). Regarding point (i),
several HST snapshot surveys were already performed
on high-z quasars (Maoz et al. 1993; Richards et al. 2004;
McGreer et al. 2013), resulting in no lensed quasar can-
didates. Regarding point (ii), it is possible that many
lensed objects in the SDSS sample have image separa-
tions smaller than the HST resolution (∼ 0.′′1), leading
to a missed identification of the lens. Previous studies
(e.g., Keeton et al. 2005; Pacucci & Loeb 2019) have es-
timated the probability of this event occurring for z > 6
quasars at ∼ 20%.
It is thus of utmost importance to first test obser-
vationally the claim that J0100+2802 is magnified by
µ = 450. Thus far, the strongest argument against the
lensing hypothesis comes from the very extended prox-
imity zone around J0100+2802. The proximity zone is
defined as the physical region around the quasar inside
which its Lyα flux is above 10% of its peak value (e.g.,
Fan et al. 2006). The behavior of the quasar proximity
zone is thoroughly described in literature (Shapiro &
Giroux 1987; Madau & Rees 2000; Cen & Haiman 2000;
Haiman & Cen 2005; Fan et al. 2006; Carilli et al. 2010;
Eilers et al. 2018) and is a powerful probe of the intrinsic
ionizing power of a quasar. In the discovery paper, Wu
et al. (2015) already mentioned that the quasar proxim-
ity zone for J0100+2802 is as large as ∼ (7.9±0.8) Mpc.
Such an extended ionized region likely requires a very
massive and active quasar to form. Note that the prox-
imity zone was previously used by Haiman & Cen (2002)
to rule out the possibility that a quasar at z = 6.28 is
lensed and, more recently, by Fan et al. (2019) to con-
firm that a quasar at z = 6.51 is strongly lensed.
To verify the claim, deeper ALMA observations are
needed, as the HST does not seem to discern multiple
images of this source (Fujimoto et al. 2019). We urge the
community to check this claim and to look for additional
lensed z > 6 quasars, possibly with a multi-wavelength
approach, as current optical/infrared observations might
not be able to discern multiple sources (Pacucci & Loeb
2019). Next-generation telescopes will likely play a pri-
mary role in this search. In particular, we showed that
WFIRST has the potential of discovering 5 × 104 new
quasars at z > 6, and ∼ 3, 000 at z > 7. Current lens-
ing models suggest that many of them could be strongly
lensed: ∼ 500 with µ ≥ 10. If this is the case, the
high-resolution power of WFIRST and JWST will cer-
tainly be instrumental for confirming their lensed na-
ture, by identifying multiple images. The confirmation
that J0100+2802 is lensed and/or the detection of more
lensed sources could vitally contribute to solve the open
problem of the growth of the first SMBHs, already de-
tected by z ∼ 7, less than 109 years after the Big Bang.
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